ABSTRACT The distribution of a heavy metal binding protein, metallothionein, was studied immunocytochemically by using antimetallothionein antibody and the immunoperoxidase staining technique on histological sections of liver, kidney, intestine, lung, and testis from cadmium-treated rats. These tissues either accumulate heavy metals (e.g., liver, kidney, and testis) or are exposed to metal by ingestion or inhalation (intestine and lung). Staining for metallothionein was Because of the secretory, absorptive, or nutritive function of the metallothionein-localizing cells in the organs studied, we suggest that metallothionein may be involved in metal storage or transport in addition to its commonly proposed detoxification role.
mulate heavy metals (e.g., liver, kidney, and testis) or are exposed to metal by ingestion or inhalation (intestine and lung). Staining for metallothionein was observed intracellularly in epithelial parenchymal cells of the liver and kidney; all hepatocytes and most renal tubular cells stained for the protein. Accumulation of metallothionein was not seen in connective tissue cells surrounding either blood vessels or renal tubules. Extracellular localization of metallothionein was also observed in the liver sinusoids and within the lumina of the renal tubules, suggesting a metal transport or excretory function for this protein. Surface columnar epithelial cells ofthe intestinal villi indicated the presence ofmetallothionein but connective tissue cells of the lamina propria were negative for the protein. The granular secretory Paneth cells of the small intestine also stained strongly for metallothionein as did respiratory epithelial cells of the lung. In the testis, metallothionein was detected in the Sertoli cells and interstitial cells but not within the spermatogonia. Sertoli cells are closely associated with the developing spermatogonia and appear to serve a nutritive role in spermatogenesis. Because of the secretory, absorptive, or nutritive function of the metallothionein-localizing cells in the organs studied, we suggest that metallothionein may be involved in metal storage or transport in addition to its commonly proposed detoxification role.
Metallothionein-a low molecular weight (Mr 6,100), sulfurrich protein-has been identified in a wide variety oforganisms ranging from yeast to man (1, 2) . The molecule is characterized by a high cysteine content (20 of 61 amino acids in mammalian forms) and the ability to bind class II B transition metal atoms (e.g., Zn, Cd, or Hg). The precise biological function of metallothionein is not known, although it has been suggested to be important in metal homeostasis and detoxification because of its presence in many mammalian tissues (1) (2) (3) . In addition, metallothionein synthesis has been shown to increase in the kidney (4) , liver (4, 5) , lung (6) , and intestine (7) ofrodents after treatment with heavy metals. Stressful environmental conditions such as food restriction (8, 9) , cold exposure (10), or physical exercise (10) have also been reported to increase metallothionein content in liver tissue. Furthermore, treatment ofcells in culture or experimental animals with glucocorticoid hormones can also induce metallothionein synthesis (9, 11, 12) . However, precisely which cell types accumulate or synthesize metallothionein remains obscure.
Previous biochemical studies indicating the presence of metallothionein in many mammalian organs (2, 3) Metallothionein. Rat metallothionein was isolated from liver and purified as described (13) . Isometallothioneins A and B were mixed in equimolar proportions and crosslinked with glutaraldehyde prior to injection into rabbits for antibody production. The preparation and characterization of the metallothionein antibody have been described (13) .
Tissue Preparation. Experimental animals were sacrificed by cervical dislocation. Organs of interest were removed, washed briefly in isotonic saline, and fixed in Helly's fluid for 6-8 hr, except testis, which was fixed in Bouin's fixative for 24 hr. The tissue fragments were dehydrated by a series ofchanges in dioxane, transferred to toluene/terpineol (3:1), and embedded in paraffin. Sections were cut at 6-8 tum and mounted on slides previously coated with albumin fixative (Fisher).
Immunoperoxidase Technique. The immunoperoxidase procedure used was the indirect three-layer bridge technique with preformed peroxidase-antiperoxidase complexes as described by Sternberger (14) . Briefly, the sections were cleared of paraffin and rehydrated in a graded series of ethanol to water. To remove endogenous peroxidase activity, the sections were immersed in 3% hydrogen peroxide for 10 min; this was followed by a 2-min treatment in 0.02% sodium borohydride. Afterwashing in water, the tissue sections were treated sequentially with 20% normal goat serum for 20 min, rabbit antimetallothionein antibody (1:200-1:1,000) for 48 hr, goat anti-rabbit immuno-* To whom reprint requests should be addressed.
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RESULTS
Results of the immunoperoxidase staining by using antimetallothionein antibody as the primary antiserum on various rat tissue sections are shown in Fig. 1 . In all cases, the tissue sections were derived from animals injected with cadmium chloride.
Liver. The cytoplasm ofall hepatocytes showed the presence of metallothionein (Fig. 1A) . In addition, many of the nuclei were also darkly stained. Circulatory elements such as the sinusoids, the hepatic artery, and central vein were negative for this protein, although a positive reaction within the sinusoids indicated extracellular localization ofmetallothionein. Bile canaliculi existing as minute channels between the hepatocytes also contained metallothionein, as evidenced by the antibody reaction product sharply outlining the cell periphery.
The specificity of the immunocytochemical staining technique was tested by treating rat tissue sections with preimmune rabbit serum and separately treating with metallothionein antiserum that was previously absorbed with purified metallothionein. In all controls, no staining of the tissue sections was observed (Fig. 1B) .
Kidney. Specific staining for metallothionein was confined to the epithelial tubular cells ofthe nephron. Many, but not all, of the proximal tubular cells showed localization of metallothionein and often a positive reaction product was observed within the lumen (Fig. 1C) . Other tubular cells of the thick loop of Henle and the collecting ducts also stained strongly for metallothionein (data not shown). This protein was not detectable in squamous epithelial cells such as those in the renal glomeruli, Bowman's capsule, and capillaries. Also, no localization was observed.in connective tissue between the tubules. Small Intestine. Metallothionein was localized in the surface columnar epithelial cells of the villi with the exception of the goblet cells (Fig. 1D) . In contrast, the stroma ofthe lamina propria in the villi consisting of smooth muscle fibers, capillaries, and connective tissue was negative for metallothionein immunostaining. Paneth cells located at the base of the crypts of Lieberkuhn stained strongly for the protein (Fig. 1E) . Little or no staining was observed in the outer muscle layers ofthe intestine.
Lung. Epithelial cells of the alveolar ducts and the respiratory bronchioles appeared darkly stained for metallothionein (Fig. 1F) . However, specific cell types are not discernible at this magnification.
Testis. Sections of several seminiferous tubules are pictured ( Fig. 1 G and H (15) have noted that rats injected with radioactive cadmium accumulate some cadmium into liver nuclei; most of the nuclear cadmium was found associated with nonhistone proteins. However, these cadmium binding proteins were not well characterized and therefore they may be similar to metallothionein. We have routinely purified metallothionein from the cytosol fraction, eliminating the nuclei during the preparation. The resulting metallothionein was shown to be homogeneously pure by gel electrophoresis with or without NaDodSO4 and by isoelectriefocusing (13) . Thus, possible contaminants from the nuclei causing antigen heterogeneity would be unlikely. Furthermore, nuclei from most other tissues do not show immunostaining. We have noted that hepatocytes of liver sections from rats not injected with cadmium stain less intensely for metallothionein, especially within the nuclei (to be published elsewhere). The selective presence of metallothionein in the nuclei could be significant for the metal-induced response of increased metallothionein synthesis to occur in the liver. Others have suggested that heavy metal ions may bind directly to chromosomal proteins within the nucleus causing expression of the metallothionein gene and subsequent protein synthesis in the cytoplasm (16, 17) .
Cells in the kidney that stained positively for metallothionein were the renal tubular cells of the nephron. In agreement with previous studies (18, 19) , metallothionein was absent from the glomeruli and other squamous epithelial cells. Metallothionein was also detected in certain cells of the intestine, lung, and testis. The presence ofmetallothionein in these organs is expected from direct biochemical studies (2, 3, 6, 7) , although earlier immunofluorescent studies (18) failed to detect it in organs other than kidney. The discrepancy in results may be due to the greater sensitivity of the immunoperoxidase technique compared to that of immunofluorescence. The presence of metallothionein in the Paneth cells of the small intestine and in the interstitial and Sertoli cells of the testis is particularly noteworthy. Paneth cells are granular pyramidal cells at the base ofthe crypts of Lieberkuhn. Although their precise physiological function is unknown, it has been reported that these cells accumulate heavy metals such as zinc, mercury, lead, and cobalt (20) . Thus, these cells may be important in the elimination or storage of heavy metals. Sertoli cells are commonly regarded as nurse cells for the developing spermatogonia in the testis. It is possible that the metallothionein accumulated in these cells may serve to sequester heavy metals as well as to redistribute essential metals such as zinc. Indeed, Webb (21) states that an adequate supply of zinc in the testis is necessary to maintain normal spermatogenesis and fertility in the male rat. The presence of metallothionein in the interstitial cells may serve to sequester, and thus detoxify, cadmium ions because this metal has been shown by autoradiography to concentrate in the interstitial tissue between the seminiferous tubules (22) .
The cause and origin of these selective cellular localizations ofmetallothionein remain to be explained. Because all cells can be assumed to contain macromolecules that bind trace metals (e.g., metalloenzymes), our observations would suggest that the genes for metallothionein are expressed with a high degree of tissue and cell specificity upon induction with heavy metals. Of course, a plethora of examples exists for such a tissue-specific gene expression and cellular differentiation. Alternatively, however, selective transport of metallothionein from one organ such as the liver to selected cell types in other organs could also occur, resulting in localized accumulation. For example, intravenously injected metallothionein has been shown to accumulate preferentially in the kidney (23) . These two hypotheses cannot be differentiated by the immunostaining techniques used in this study, and have yet to be examined adequately.
